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Tetanus  Toxin  -  Significance 


Neurotoxins  are  Invaluable  tools  In  the  study  of  neurotransmission 
(Ceccarelll  &  Clement!,  1979).  For  example,  our  understanding  of  the  ACh 
receptor  was  greatly  enhanced  by  studies  using  the  snake  venom  toxin,  a- 
bungarotoxln  (tee,  1972).  Tetrodotoxln  and  saxltoxln  were  Instrumental  In 
characterizing  the  sodium  channel. 

Tetanus  toxin  Is  an  Ideal  toxin  to  study  for  four  reasons.  First,  it  Is 
a  potent  inhibitor  of  neurotransmitter  release.  In  fact.  It  Is  one  of  the 
most  potent  neurotoxins  known  to  man  (LD50  In  rodents  Is  1  ng/kg)  (Wellhoner, 
1982).  Its  potency  suggests  that  the  toxin  acts  selectively  at  specific 
recognition  sites  in  the  central  tervous  system  (CNS)  that  are  critical  for 
neuronal  function.  Tetanus  toxin  may  produce  Its  effects  via 
bloampl  if  Icatlont  that  Is,  It  may  act  as  an  enzyme.  In  this  way,  it  may  be 
analogous  to  the  well  characterized  cholera,  pertussis  and  diphtheria  toxins 
(Gill,  1976;  Casse!  &  Pfeuffer,  1978;  Gill  1  Keren,  1978;  Uchida,  1983). 

Secondly,  an  unusual  character! stfc  of  this  toxin  is  that  its  mechanism 
of  action  is  presynaptic.  Exposure  of  primary  cultured  neuron*,  brain  slices, 
isolated  neuromuscular  preparations  and  synaptosomes  to  tetanus  toxin  results 
in  inhibition  of  neurotransmitter  release  from  presynaptic  terminals 
(Col  I Ingr idge  et  al.,  1980;  Sigalke  et  al.,  1978;  Pearce  et  al.,  1983;  Osborne 
&  Bradford,  1973).  E I ectrophys lo I ogical  studies  have  demonstrated  that 
tetanus  decreases  the  spontaneous  and  evoked  release  of  neurotransmitter  while 
leaving  postsynaptlc  membranes  intact  and  responsive  to  agonists  (Curtis  A 
DeGroat,  1968;  Davies  &  Tongroach,  1979;  Bergey  et  ai.,  1983). 

Third,  tetanus  toxin  preferentially  binds  to  neurons.  Mlrsky  (1978) 
using  immunofluorescence  demonstrated  *hat  tetanus  toxtn  can  be  used  to 
distinguish  neurons  from  non-  neuronal  cells  in  a  wide  variety  of  dissociated 


cel)  cultures.  These  studies  Involving  rat  and  chick  preparations,  extended 
the  findings  that  ^j-tetanus  toxin  binds  selectively  to  neurons  In  cultures 
of  mouse  brain  and  spinal  cord  (Dlmpfel  et  al..  1975). 

Fourth*  tetanus  toxin  is  selectively  internal  I zed  and  translocated  into 
neurons.  When  the  toxin  Is  injected  Into  the  neuromuscular  Junction,  It 
enters  the  CHS  by  first  becoming  Internalized  Into  synaptic  terminals  of 
motoneurons  (Schwab  &  Thoenen,  1976).  It  Is  then  translocated  by  a  retrograde 
Intra-axonal  transport  mechanism  Into  the  dorsal  horn  of  the  spinal  cord 
(Schwab  A  Thoenen,  1977}  Schwab  et  al.,  1979).  In  the  dorsal  horn,  tt 
undergoes  retrograde  trans-synapt 1 c  transfer  through  at  least  two  neurons 
(Habermann,  et  al.,  1977)  and.  It  remains  Intact  through  this  process  (Dumas 
et  al.,  1979a, b). 

In  this  research  project  we  have  decided  to  use  cultured  cell  tines  of 
neuronal  origin  to  study  the  mechanism  of  action  of  tetanus  toxin.  The  rat 
adrenal  pheochromocytoma  PC12  cell  line  (Greene  A  Tlschler,  1982),  offers  a 
unique  model  system  for  such  studies  for  several  reasons.  First,  cultured 
neuronal  cells  have  several  distinct  advantages  over  Intact  neural  tissues. 
In  animals,  the  amount  of  toxin  that  will  reach  the  ventral  horn  after 
peripheral  Injection  Is  difficult  to  quantitate.  With  direct  spinal  Injection 
of  toxin,  the  amounts  of  radiolabeled  toxin  necessary  to  yield  detectable 
counts  are  rapidly  fatal  (Wellhoner,  1982).  Cell  cultures,  however,  provide  a 
system  In  which  known  concentrations  of  toxin  can  be  added  and  assayed  In  the 
medium.  The  cultures  can  be  maintained  Indefinitely  at  concentrations  of 
toxin  that  would  be  lethal  in  vivo. 

The  second  reason  Is  that  Intact  ceil  systems  have  advantages  over  other 
subcellular  preparat Ions,  in  an  Intact  cell  system,  the  functional  effects  of 
tetanus  (blockade  of  neurotransmitter  release)  can  be  correlated  with  both 
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toxin  binding  and  Internallzatlbn}  this  cannot  be  done  with  other  types  of 
preparations.  The  use  of  Intact,  stable  cells  Is  partlculary  Important  In 
tetanus  toxin  studies  since  there  is  a  characteristic  lag  phase  observed  for 
the  effects  of  tetanus  to  develop. 

Third,  cell  lines  lend  themjielves  to  biochemical  studies  because  of  their 
abundance  and  homogeneity.  Stydles  using  primary  cultures  have  restricted 
cell  numbers,  and  heterogeneity  Is  unavoidable.  For  example,  cholera  toxin's 
mechanism  of  action  was  greatly  facilitated  by  studies  with  transformed  cell 
lines  (Joseph  et  al.,  1979}  Fishman,  1982).  Fourth,  PC12  cells  have  a  highly 
differentiated  neurotransmitter  release  process  that  Is  analogous  to 
neurotransmitter  release  Id  vivo.  These  cells  synthesize,  store,  and  release 
both  ACh  (Schubert  ft  Kller,  1979)  and  catecholamines  (Greene  ft  Tlschler, 
1976).  Calcium-dependent  neurotransmitter  release  Is  evoked  by  depolarization 
conditions  (60  mM  KCIi  200  uH  vsratrldlne)  and  by  stimulation  of  cholinergic 
receptors.  These  properties  permit  correlative  biochemical  and  functional 
studies  of  tetanus  toxin's  mechanism  of  action  In  PCI2  cells.  The  principal 
investigator's  laboratory  has  Discovered  that  another  cell  line,  N 18-RE -105, 
binds  tetanus  toxin  in  a  manner  similar  to  mammalian  brain  (Staub  et  al., 
1986).  However,  the  neurotransmitter  system  in  this  cell  line  has  been 
difficult  to  determine  (Malouf  st  al.,  1985).  Thus,  although  the  N18-RE105 
cells  have  been  very  valuable  Irj  the  study  of  the  binding  and  internalization 
of  tetanus  toxin,  these  cells  are  less  useful  for  the  3tudy  of  the  effects  of 
tetanus  on  neurosecretion. 

During  the  past  year  of  this  contract  the  principal  invest) gator '3 
laboratory  has  been  very  active  in  characterizing  the  effects  of  tetanus  toxin 
on  PC  12  cells.  We  report  evidence  that  trlsialogangl iosldes  are  a  potential 
high  affinity  receptor  for  tetanus  toxin  on  these  cultured  cells.  Further,  we 


have  found  that  the  toxin  Is  rapidly  Internalized  by  these  cells  In  a 
temperature  and  metabolic  energy-dependent  manner.  We  have  found  that  tetanus 
toxin  Is  a  potent  Inhibitor  of  neurotransmitter  release  In  this  system. 
Finally  we  have  documented  a  method  for  rapidly  reversing  the  effects  of 
Intoxication  once  established  In  these  cells.  This  Is  the  first  report  of  a 
method  for  reversing  the  Intoxication  of  the  Clostridial  neurotoxins.  This 
discovery  provides  us  with  several  Important  Insights  Into  the  mechanism  of 
action  of  the  Clostridial  neurotoxins  and  suggests  novel  approaches  for 
unraveling  this  complex  story. 
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Beau Its  from  the  Principal  Investigator's  Laboratory 
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The  main  focus  during  the  past  year  of  this  contract  was  to  establish  a 
cell  line  that  would  be  a  useful  system  to  study  the  effects  of  tetanus 
Intoxication  at  the  molecular  level.  The  results  reported  here  describe  our 
progress  In  this  area.  We  report  that  PCI 2  cells  bind  tetanus  toxin  with  high 
affinity  and  Internalization  the  toxin  In  a  physiologically  relevant  manner. 
We  also  report  on  functional  studies  where  tetanus  toxin  potently  Inhibits 
heurotransmltter  release  from  these  cells.  Finally  we  report  that  analogues 
of  cGMP  are  effective  In  reversing  the  effects  of  tetanus  on  neurotransmitter 
release  In  these  cells. 

Binding  and  Internalization  of  Tetanus  Toxin  bv  PC  12  Cells  ' 

The  saturablllty  of  tetanus  toxin  binding  to  PC12  cells  was  assessed  both 
by  quantitating  the  amount  of  specific  toxin  bound  in  the  presence  of 
Increasing  amounts  of  125I-tetanus  toxin  (Figure  1)  and  by  examining  the 
reduction  of  a  fixed  amount  of  *25I-tetanus  toxin  bound  in  the  presence  of 
Increasing  amounts  of  non-rad loact I ve  tetanus  toxin  (Figure  2).  When  the  data, 
was  transformed  Into  Scatchard  plots,  similar  values  for  the  binding 
parameters  were  obtained  using  either  method.  There  Is  a  single  population  of 
binding  sites  with  a  dissociation  constant  (Kd)  of  1.25  +  0.2  nM.  The  maximum 
number  of  binding  sites  Is  56.5  +  4.8  pmol/mlllion  cells  (  *  238  pmol/mg  of 
membrane  protein).  Since  either  method  gave  the  same  quantitative  results, 
the  other  saturation  binding  Isotherms  described  below  were  performed  using 
the  competition -binding  method,  which  was  technically  more  easy  to  perform. 
As  shown  In  Figure  2,  the  competition  binding  curves  obtained  with  PC12 
membranes  were  similar  to  those  from  rat  SPM  (Kd  =  0.83  +  0.07;  Bmax  =  482  + 
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FIGURE  2.  Competition  of  125I-Tetanus  Toxin  Binding  with  Unlabeled  Toxin  to  Rat  SPM, 
PC  12  Membranes  and  Intact  PCI2  Cells  at  0°C.  PC12  microsomes  (250  ng  protein)  were 
prepared  from  14  day  NGF-treated  cel  is.  Intact  PC  12  cells  (50-100  ug  cel  I  protein/ 10 
cm2)  were  grown  in  the  presence  of  NGF  for  14  days.  125 1 -Tetanus  toxin  (0.2  nM)  was 
incubated  with  rat  SPM  (  A  )  or  PC12  membranes  (  ■  )  and  intact  PC12  cells  were 
incubated  w'th  125l-tetanus  toxin  (0.5  nM)  (•).  All  toxin  incubations  were  for  3  h 
at  0°C  in  the  presence  of  increasing  amounts  of  un labeled  tetanus  toxin. 


35  pmol/mg  of  SPH  protein).  Taken  together,  these  results  provide  evidence 
that  the  toxin  receptor  on  the  PC12  cells  Is  similar  to  the  receptor  found  In 
mammalian  brain. 

Previous  studies  suggest  that  the  tetanus  toxin  receptor  Is  composed  of 
complex  gangllosldes  (Rogers  ft  Snyder,  1981 1  Holmgren  et  at. ,  1980). 
Furthermore,  It  has  recently  been  demonstrated  that  differentiation  can 
stimulate  gangltosfde  expression  In  PCI2  cells  (Walton  et  al.,  1987).  This 
finding  prompted  the  examination  of  toxin  binding  to  PC12  membranes  prepared 
from  calls  grown  under  various  differentiating  conditions. 

PCI2  cells  were  grown  for  14  days  In  the  presence  ofi  i  x  10"^  H 
dexamethasone  (OEX)j  100  ng/ml  NGF?  or  for  1  week,  at  high  density  (8  x  105 
cells/cm2).  Figure  3  and  Table  1  summarize  the  Scatchard  binding  results  from 
the  binding  studies.  Both  NGF  treatment  (Bmax  ■  56.5  +  4.8  pmol/mllllon 
cells)  and  high  density  plating  (Bmax  ■  31.7  ♦  3.6  pmol/mllllon  cells) 
Increased  the  number  of  toxin  binding  sites  when  compared  to  control  cells 
(Bmax  *  11.1  +  1.4  pmol/mllllon  cells)  grown  under  non-differentiating 
conditions  (1C4  cells/cm2).  Dexamethasone  had  little  effect  on  the  number  of 
toxin  binding  sites  (Bmax  »  18.5  +  2.1)  when  compared  to  control  levels.  No 
significant  differences  were  detected  In  binding  affinities  between  the  four 
different  PC 12  membrane  preparations. 

When  tristalogangl  losfde  expression  was  compared  to  tetanus  toxin 
binding  to  PCI2  cells  grown  under  various  conditions  described  above,  the 
correlation  Is  remarkable  (Figure  4)..  The  ratio  of  binding  sites  to 
tr (3lalogang! ioside  was  approximately  7  In  all  of  theses  preparations.  These 
results  strongly  support  the  contention  that  complex  gangllosldes  act  as 
tetanus  toxin  receptors  and  further  emphasize  the  findings  that  differentiated 
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TETANUS  TOXIN  BOUND 
(pmol/106  cells) 


FIGURE  3.  Effects  of  Differentiation  on  -Tetanus  Toxin  Binding  to  PC t Z  C 
Membranes.  Microsomes  (250  ng  protein)  were  prepared  from  PCI2  cells  plated  at  i> 
cells/cm^  and  grown  for  14  days  in  the  presence  of  NGF  (100  ng/ml)  (  4  )  or 
Dexamet.hasone  (Dex)  (  A).  After  7  days  in  culture,  microsomes  were  prepared 

sparse  (cells  plated  at  I04/cm^)  (•)  and  dense  (cells  seeded  at  8  x  to'VcmM  < 
PC12  cells.  l^!-Tetanus  toxin  competition  curves  were  performed  and  the  data 
recalculated  to  *ft  a  Scatchard  plot. 
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TABLE  I 


Effect*  of  Different  let  loo  on  Tetanus  Toxin  Binding  to 

PC I 2  Cell* 


Differentiation  Inducer 

Enzyme  Levels 

Scatchard  Analysis 

Condition* 

CAT 

TH 

Kd 

Bmax 

(pmol/mg/mln) 

(nmol/mg/mtn) 

(nh) 

Control 

Sparse 

140  ♦  12 

0  .25  i  0.01 

2.41  ♦  0.3 

ii. I  i  1.4* 

Adrenergf c 

Dex  . 

ISO  ♦  16 

3.81  ♦  0.2S 

2.05  ♦  0.3 

18.5  i  2.1* 

Choi Inergfc 

MGf 

968  1  86 

0.37  ♦  0.02 

1.25  ♦  0.2 

56.5  ♦  4.8* 

Both 

Auto 

802  1  69 

2.25  ♦  0.19 

1.72  ♦  0.3 

31.7  ♦  3.6* 

Rat  synaptic  plasma  membranes 


0.83  ♦  0.07  482  ♦  35*> 


Trlsialogtngl ioolde  (naol/nl 1 1  ion  col 


PC  1 2  CELL  GROWTH  CONDITIONS 


TIGUPE  4.  Comparison  of  Tr i s ia lodanq I f os ide  Expression  and  Tetanus  Toxin  Binding  in 
PC  1 1  Cells.  Trislalogangl ioslde  expression  (Walton  et  al.,  1**87)  in  PCIZ  cells  grown 
under  the  Indicated  conditions  fs  compared  with  the  amount  o*  tetanus  toxin  binding 
sites  on  cells  grown  under  the  same  conditions. 


Tetanus  toxin  binding  (pnol/mil  I  Ion  ce 


PC 1 2  cells  express  relatively  high  concentrations  of  both  trlstalogangl losldes 
and  tetanus  toxin  receptors. 

Although  tetanus  toxin  binding  and  toxin-induced  paralysis  have  been 
studied  In  detail  (Nellanby  A  Greene.  1981).  much  less  Is  known  about  toxin 
translocation.  Receptor  mediated  ligand  Internalization  commonly  occurs 
through  a  clathrin  coated  pit  endocytotic  pathway  (Stelnman  at  al.,  1963). 
Previous  electron  microscopy  studies  using  colloidal  gold  labeled-tetanus 
toxin  suggest  that  toxin  Internalization  Is  not  mediated  through  this  pathway 
(Goldstein  et  at..  1 979*  Stelnman  et  a!..  1983).  Upon  injection  Into  the  rat 
anterior  eye  chamber,  most  toxin  gold  particles  in  the  axon  are  found  within 
smooth  membranous  elements  rather  than  clathrin  coated  pits  (Schwab  &  Thoenen, 
1978).  No  evidence  for  coated  pits  was  found  when  the  Internalization  of 
colloidal  gold  labeled-toxin  was  followed  In  liver  col’s  (Montesano  et  al,, 
1982).  Therefore  Internal Izatlon  of  tetanus  toxin  Is  of  considerable  Interest 
because  of  Its  unusual  endocytotic  process.  Instead  of  the  conventional 
clathrin  coated  pit  receptor  mediated  endocytotic  pathway.  It  appears  that 
tetanus  toxin  uptake  Is  mediated  through  noncoated  surface  micro invaginations. 

Studies  to  Illuminate  this  process  have  been  done  on  cerebral  neuron 
cultures  (Yavln  et  al.,  1981)  and  mouse  spinal  cord  neurons  (Cr Itch  ley  et  al.. 
1985).  These  studies  have  provided  qualitative  evidence  that  neurons 
Internalize  toxin  rapidly  (In  minutes)  and  In  a  temperature  dependent  manner. 
Recently,  the  principal  Investigator's  laboratory  (Staub  et  al.,  1986) 
designed  a  protease  assay  that  has  permitted  quantification  of  the  toxin 
internalization  process  In  the  N 1 8-RE - 1 05  neurobi -'stoma  cell  line.  Using  this 
protease  assay,  toxin  was  found  to  be  Internalized  by  the  N 1 8-RE  - 1 05  cel  1 3 
with  a  t|/2  of  5  min  at  37°C.  In  contrast,  low  temoerature  '."evented  toxin 
internal Izatlon. 
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To  further  characterize  the  toxin  translocation  process,  the  fate  of 
tetanus  toxin  after  binding  to  PC12  cells  was  investigated.  The  binding  of 
1251-tetanus  toxin  to  intact  PC12  cells  was  examined  in  competition  binding 
assays.  Results  In  Figure  3  demonstrate  that  unlabelled  toxin  is  a  potent 
inhibitor  of  1251-toxin  binding  to  PC12  membranes  and  Intact  cells  at  OoC.  In 
contrast,  at  37°C,  little  competition  between  l 251 -toxin  and  un labeled  toxin 
was  seen  even  at  100  nM  unlabeled  tetanus  toxin  (100  x  Kd)  concentrations 
(Figure  5,  inset).  The  lack  of  binding  Inhibition  at  37oC  was  further 
investigated  in  experiments  In  *rtilch  increasing  amounts  of  125 I -toxin  were 
added  to  intact  cells  at  0°C  and  37°C  (Figure  5)'.  These  binding,  studies 
confirm  that  tetanus  toxin  binds  to  a  saturable  number  of  receptor  sites  on 
Intact  PC12  cells  at  0°C,  but  the  binding  is  non-saturable  at  37°C, 

Two  experiments  suggest  that  the  lack  of  binding  Inhibition  at  37oC  was' 
not  the  result  of  increased  125 1 -toxin  metabolism.  First,  supernatant 
radioactivity  co-migrated  with  authentic  1251-toxin  on  SOS  gels  (data  not 
shown).  Second,  supernatant  1251-toxin  bound  when  exposed  to  fresh  cells  at 
OoC  (data  not  shown).  Previously  125j_tetanus  toxlr,  was  demonstrated  to 
retain  91%  of  its  biological  activity  In  mice  after  a  4  h  Incubation. 

The  lack  of  saturaolllty  of  1251 -tetanus  tor  in  binding  to  Intact  PC  1 2 
cells  at  37°C  Is  consistent  with  previous  data  demonstrating  internalization 
of  tetanus  toxin  in  primary  cultures  (Critchley  et  al.,  1985)  and  In  the  NI6- 
RE-105  cell  line  (Staub  et  al.,  1986).  In  order  to  characterize  this 
internalization  process  further,  a  modified  version  of  a  previously  reported 
(Staub  et  al.,  1986)  protease  assay  was  designed.  "Internalized"  toxin  was 
defined  operationally  as  the  fraetlcpn  of  cell  associated  125 1 -tetanus  toxin 
which  was  resistant  to  pronase  degradation.  Accordingly,  surface  bound  toxin 
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F I GUPE  5.  Saturation  Isotherm  of  '^I-Tetanus  Toxin  Binding  to  Intact  PCI2  Cells  at 
0°C  and  37°C.  PC12  cells  (SO-lOO  uq  protein/  10  cm^)  previously  treated  with  NGF  for 
10  days  were  incubated  with  various  amounts  of  ^^I-tetanus  toxin  in  0.5  ml  "Binding 
buffer"  at  0°C  or  37°C.  Inset.  Competition  of  *^I-Tetanus  Toxin  Binding  with 
Un labeled  Toxin  to  PC  12  Microsomes  and  Intact  cells  at  3/°u.  PC  1 2  mlcrosomes  (250  ng 
protein)  were  prepared  from  |4  day  NGF-treated  cello.  i itact  PCI2  cells  (oO-lOO  ug 
cell  protein/ 10  cm<?)  were  grown  In  the  presence  of  NGF  for  14  days.  -Tetanus 
toxin  (0.2  nM)  was  incubated  with  PCI2  membrar  ?s  (•)  or  1  I -tetanus  toxin  (0.5  nM) 
was  incubated  with  intact  PCI2  cells  (  ■  )  for  3  hours  at  3 /°C  in  the  presence  cf 
increasing  amounts  of  unlabeled  tetanus  toxin. 


LA 


was  defined  as  cel  I -assoc  fated  toxin  that  was  susceptible  to  proteolytic 
degradation. 

Temperature  pulse  studies  were  performed  to  distinguish  the  toxfn 
Internalization  step  from  the  binding  step.  In  these  experiments,  cells  were 
Incubated  with  125I-tetanus  toxin  at  0°C  In  order  to  label  the  surface  with 
toxin.  After  the  unbound  toxin  was  removed  by  washing,  the  cells  were  wanned 
to  37°C  for  varying  times  before  the  addition  of  pronase.  Within  2  min,  a 
significant  fraction  (45%)  of  non-re  leasable  1251-tetanus  appeared  In  the 
cells.  After  15  min,  the  pron,  se  resistant  fraction  reached  a  maximum  of  78% 
(Figure  6).  Host  of  the  toxin  (>75%)  associated  with  cells  which  had  been 
Incubated  at  0°C,  remained  pronase  degradable  for  the  duration  of  the 
experiment.  These  results  Indicate  that  once  toxin  Is  bound  to  PC12  cells*  it 
is  rapidly  internalized  In  a  temperature-dependent  manner. 

Previous  studies  with  the  N18-RE-105  cell  line  (Staub  et  a!.,  1986) 
showed  that  the  internalization  of  tetanus  toxin  Is  dependent  upon  metabolic 
energy.  Similarly,  metabolic  energy  inhibitors  markedly  inhibited  the  *25 j_ 
tetanu*  toxin  uptake  process  In  PC 12  ceils  .  In  these  experiments,  PC I 2  cells 
(grown  In  the  presence  of  NGF  for  14  days)  were  pretreated  with  metabolic 
Inhibitors  for  30  min  under  conditions  that  consistently  reduced  ATP  levels  by 
85%.  The  cells  were  then  incubated  with  * 2*5 j  — -fc0x in,  and  the  amount  of 
interna' ized  toxin  was  quantified.  After  30  min  at  37°C,  the  degree  of  toxin 
internalization  was  similar  to  that  observed  in  control  experiments  (untreated 
cells  at  0°C).  These  findings  were  demonstrated  in  the  presence  of  sodium 
azide  (luM),  dinitrophenol  (25  uM)  and  a  mixture  of  olfgomycin  (0.2  ug/ml )  and 
rotenone  (0.2  uil).  These  results  were  not  attributable  to  differences  ih 
!25]_toxfn  binding,  since  the  total  amount  of  cell  associated  ^ 25 j  — -tox i n 
between  cells  treated  with  metabolic  inhibitors  and  untreated  controls  was 
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FIGURE  6  Kinetics  of  l25i-Tetanus  Toxin  internalization  Into  PCI2  Cells.  PC12  cells 
(5  x  lO^/io  cm^)  Were  Incubated  with  0.5  nH  •  25 j -tetany  toxin  in  1  ml  of  Incubation 
buffer  for  30  min  at  0°C.  At  the  end  of  this  tlmet  the  dishes  were  rinsed  with  2  ml 
of  ice  cold  rinse  buffer  and  then  I  ml  of  rinse  buffer  at  0°C  was  added  to  each  dish. 
The  dishes  were  either  rapidly  warmed  to  37°C  or  were  maintained  at  0°C  (This  Is  the 
zero  time  value  on  the  figure).  The  cells  were  Incubated  for  the  Indicated  time 
period  and  then  exposed  to  pronase.  Each  data  point  Is  expressed  as  the  percentage  of 
bound  toxin  that  is  resistant  to  pronase  digestion  relative  to  controls  which  were 
treated  in  an  Identical  manner  except  thac  pronase  was  not  added.  Therefore  the  37°C 
data  are  corrected  for  dissociation  that  occurs  during  the  incubations.  Each  point  is 
the  mean  of  6  different  experiments  each  performed  in  triplicate  +  s.e.m. 
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Toxin  blocks  stimulus-evoked  ACh  release 

The  rise  In  free  calcium  necessary  to  elicit  secretion  from  PCI2  cells  Is 
generated  by  calcium  entering  the  cell  from  the  extracellular  medium  through 
calcium  ctannels  which  are  voltage  sensitive.  The  increased  calcium 
permeability  Is  triggered  by  depolarization  of  the  plasma  membrane. 
Depolarization  can  be  Induced  In  PC12  cells  by  ACh  agonists  and  veratrldlne 
(an  alkaloid  that  opens  sodium  channels).  In  addition,  the  voltage  sensitive 
secretory  pathway  can  be  bypassed  by  barium  Ions.  Barium  Is  thought  to 
trigger  AC^i  release  by  Inhibiting  the  time-  and  voltage-dependent  outward 
potassium  current,  the  M  current  In  a  manner  analogous  to  muscarinic 
depolarization  (Constant!,  1981).  Figure  7  shows  that  all  three 
depolarization  protocols  leads  to  a  marked  enhancement  of  [3H]ACh  release. 
Further,  under  all  three  conditions,  the  stimulus-evoked  secretory  response  In 
NGF-treated  PCI2  cells  Is  Inhibited  by  tetanus  toxin.  The  toxin  had  r.o 
detectable  effect  on  spontaneous  levels  of  ACh  release.  These  data  suggest 
that  tetarus  toxin  Inhibits  a  common  step  In  cholinergic  stimulus-evoked 
secretion. 

The  tetanus  toxin  Induced  inhibition  of  ACh  release  from  PC12  cells  was 
specific.  Pre I ncubat I ng  4  nM  tetanus  with  entl-tetanus  antibody  (3  units/ml) 
for  30  min  at  0°C  neutralized  toxin  action.  Tetanus  toxoid  (1  uM),  a 
biologically  inactive  derivative  of  tetanus  toxin,  and  heat  Inactivated  toxin 
(10  min  at  I00°C)  both  failed  to  depress  [3H]ACh  release  from  PC12  cells. 
Furthermore,  the  observed  inhibition  was  not  due  to  depressed  levels  of 
[3H]chollne  uptake  or  differences  In  intracellular  f3H]ACh  pools  (data  not 
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Figure  7.  Inhibition  of  Acetylcholine  Release  from  PC12  Cells  by  Tetanus  Toxin.  PC12 
cells  were  incubated  overnight  with  [^Hjcholine  followed  by  4  nM  tetanus  toxin  for  ,3 
hr.  The  cells  were  depolarized  and  the  amount  of  [3H]acetvlchol ine  released  into  the 
medium  was  measured.  Shown  are  the  amount  of  [^HjAch  released  when  the  cells  were 
depolarized  with  veratridine,  carbachol,  or  2  mM  barium  chloride  in  the  absence  (open 
bars)  and  in  the  presence  (stippeled  bars)  of  toxin. 
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He  have  been  searching  for  methods  that  would  reverse  the  Intoxication 
process  In  the  PCJ2  cells.  The  Identification  of  such  methods  should  give 
valuable  Insight  Into. the  mechanism  of  action  of  the  toxin.  He  report  here 
that  we  have  for  the  first  time  Identified  specific  compounds  that  can  reverse 
the  Intoxication  once  established  In  PC  12  cells.  Hhen  toxin-treated  cells 
were  exposed  to  100  uH  8-Br-cGMP  during  the  last  15  aln  of  the  toxin 
Incubation  before  assaying  for  neurotransmitter  release,  the  evoked  release  of 
I3H]ACh  was  restored  to  65%  of  control  (toxin  free)  levels  (Figure  8). 
However,  the  fact  that  8-Br-cGHP  treatment  fn  the  absence  of  depolarizing 
stimulus  does  not  cause  ACh  release,  Indicates  that  elevation  of  cGMP  alone  Is 
not  sufficient*  to  elicit  neurotransmitter  release  (Figure  8).  Control 
experiments  revealed  that  these  results  can  not  be  explained  by  Increased  cell 
lysis.  The  amount  of  lactate  dehydrogenase,  a  cytosolic  marker,  released  Into 
the  media  In  the  presence  of  8-Br-cGMP  was  nearly  Identical  to  that  released 
In  control  cultures  (data  not  shown).  Figure  8  (Inset)  shows  that  the  effect 
of  this  nonhydro I yzab I e  cGMP  analog  was  dose  dependent.  Significant  effects 
were  seen  at  10  mH  and  the  half  maximal  effect  was  observed  at  approximately 
50  uM. 

Examination  of  the  nucleotide  specificity  demonstrated  that 
nonhydro  I  yzab  I  e  analogs  of  cGMP  specifically  reverse  the  toxin-mediated 
Inhibition  of  [3H]ACh  release  (Figure  9).  In  contrast,  analogs  of  cAMP  and 
other  nucleotides,  at  concentrations  as  high  as  1  mM,  were  not  effective  in 
reversing  the  action  of  tetanus  toxin  (Fig.  8).  Furthermore,  the  binding  of 
l25I-tetanus  toxin  (15)  to  these  cells  was  not  affected  by  nucleotide  addition 
(data  not  shown).  These  findings  reveal  that  the  ability  to  reverse  the 
blockade  of  neurotransmitter  release  induced  by  tetanus  toxin  is  specific  to 


Figure  8.  Reversal  of  the  Effects  of  Tetanus  Toxin  by  8-Br-cGMP.  Neurotransmitter 
release  was  measured  as  described  In  Figure  7,  legend.  The  amonut  of  acetylchol ine 
released  spontaneously  (open  bars)  and  evoked  In  the  presence  of  veratrldine  (solid 
bar's).  4  nM  tetanus  toxin  inhibited  release  and  these  effects  were  reversed  by  a  15 
min  incubation  of  the  infected  ceils  with  100  uM  88r-cGMP. 
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Figure  9.  Specificity  of  cGMP  Analogues  for  Reversing  the  Inhfcitory  Actions  of 
Tetanus  Toxin  on  Neurotransmitter  Release.  During  the  iast  15  min  of  the  4  nM  tetanus 
toxin  4  h  incubation  at  37°C,  various  nucleotides  were  added  to  the  PC12  cells:  I,  no 
nucleotides;  2,  1<KM  8-Br-cGMP;  3,  1  mM  N^,  2 ' -O-dibutyry  I -cGMP;  4,  1  mM  N^- 
monobutyryl-cGMP;  5,  1  mM  02-monobutyry I -cGMP;  6,  100  h  8-8r-cAMP;  7,  1  mM  N6,2'-0- 
dibutyryl -cAMP;  8,  1  mM  N^-monobutyryl-cAMP;  9,  1  mM  O^-monobutyry I-cAMP;  10,  100  mM 
8-Br-lnosfne-cycl Ic  monophosphate;  11,  1  mM  8-Br-guanosine  monophosphate;  12,  1  mM  8- 
Br-guanosine.  [3H]ACh  release  is  expressed  as  percent  of  the  maximum  evoked  [3H]ACh 
release  under  control  (individual  nucleotides  were  present  without  the  addition  of 
tetanus  toxin)  conditions. 
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cGMP  analogs 


CQMCLUSIflBS 


On#  of  the  major  goals  of  this  research  program  has  been  to  Identify 
underlying  biochemical  mechanisms  that  are  responsible  for  the  presynaptic 
actions  of  Clostridial  neurotoxins  on  neurotransmitter  release.  Therefore.  It 
has  been  very  Important  to  devise  a  model  cell  system  that  wtll  be  a  enable  us 
to  study  these  events  at  the  molecular  level.  Ourlng  the  past  year 
considerable  progress  has  been  made  on  developing  such  a  system.  We  have 
shown  that  a  transformed  cell  line  of  neural  origin,  the  PCIZcell  line,  has 
become  a  valuable  system  for  studies  on  the  binding  and  Internalization  of 
tetanus  toxin.  Further,  these  cells  have  been  shown  to  be  an  excellent  model 
system  to  study  the  mechanism  of  action  of  the  toxin.  We  have  demonstrated 
that  tetanus  toxin  Is  very  potent  In  Inhibiting  the  release  of 
[3H]acety I  choline  from  these  cells. 

An  Important  discovery  during  the  past  year  Is  that  analogues  of  the 
cyclic  nucleotide.  cGHP,  can  reverse  the  effects  of  tetanus  toxin  once  It  has 
been  fully  expressed  In  Intact  cells.  This  discovery  Is  Important  for  several 
reasons.  First,  to  our  knowledge,  this  Is  the  first  report  that  the  actions 
of  tetanus  toxin  can  be  specifically  reversed  once  they  have  been  clearly 
expressed  in  Intact  tissue.  These  results,  although  preliminary  In  nature, 
strongly  suggest  that  the  mechanism  of  action  of  toxin  Is  In  part  due  an 
Interference  In  the  metabolism  of  cGHP  within  neuronal  cells.  Further,  these 
studies  suggest  that  cGHP  plays  an  Important  role  In  neurotransmitter  release 
and  that  tetanus  toxin  may  be  an  excellent  probe  to  study  the  role  of  this 
nucleotide  In  the  release  process.  Although  the  fact  that  cGHP  Itself  does 
not  evoke  release  underscores  the  complex  role  of  cGHP  In  neurosecretion. 
Therefore  research  during  the  next  year  will  focus  on  the  sight  of  action  of 
tetanus  toxin  In  the  cGHP  metabolism  process  and  will  continue  to  use  tetanus 
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a  probe  to  study  the  role  of  cGflP  In  neurotransmitter  release. 
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